ABSTRACT
Jute is an important crop of the Indian subcontinent and comprises tossa jute (Corchorus olitorius) and white jute (C. capsularis). The yield and fi ber quality of this crop remained stagnant for many years and could not be improved through conventional plant breeding. Also, no effort has been made to develop molecular markers on a scale required for marker-assisted selection (MAS) to supplement conventional plant breeding. As a fi rst step toward deploying MAS for jute improvement, 2469 simple sequence repeats (SSRs) were developed in tossa jute (JRO 524) using four SSR-enriched genomic libraries. A random subset of 100 SSRs (25 SSRs from each library) was used to detect polymorphism between the parental genotypes of each of the two recombinant inbred line (RIL) mapping populations. The RILs are being developed from JRO 524 × PPO4 (for fi ber fi neness) and JRC 321 × CMU 010 (for lignin content) crosses to prepare molecular maps and conduct quantitative trait loci (QTL) analyses. Both SSR length polymorphism and ± polymorphism (null alleles, i.e., presence and absence of specifi c SSR) were detected; 50 SSRs detected polymorphism between the two genotypes of tossa jute, whereas 45 SSRs detected polymorphism between the two genotypes of white jute. This SSR allelic polymorphism in jute is higher than that reported in other crops and is adequate for construction of genetic maps for QTL analysis. The large-scale SSRs will also prove useful in studying genetic diversity, population structure, and association mapping.
gives an annual production of 10 million bales (1 bale = 180 kg) of fi ber, which is 40% of the world's jute production. In addition to its traditional use as jute fi ber (for making sacks, ropes, handmade clothes, wall hangings, etc.), it is now being used for manufacturing the following value-added industrial products: (i) geotextiles (http:// www.jute.com/geojute.html, verifi ed 25 June 2009) for reinforcing river embankments and for control of soil erosion, (ii) fi ber-reinforced building materials, (iii) packaging materials, and (iv) paper. These additional uses add to the value of jute fi ber (Islam et al., 2005) .
During the decade 1993 to 2003, the productivity of jute in India improved only marginally, from 19 × 10 2 kg ha -1 to 21 × 10 2 kg ha -1 (Sinha et al., 2004) . This is largely because of inadequate eff orts made toward breeding new and superior jute cultivars. This is obvious from the fact that only 12 improved cultivars of white jute and 10 improved cultivars of tossa jute have been developed in India (see Roy et al., 2006) . Therefore, there is a need for developing new cultivars of jute with improved fi ber yield and fi ber quality through intensive breeding eff orts. Jute is a self-pollinated crop, but it can have a considerable amount of natural outcrossing-as high as 32% at the minimum isolation distance of 0.5 m (Basak and Paria, 1975; Datta et al., 1982) . This necessitates controlled pollination during breeding programs and also during the development of mapping populations through single-seed descent.
It has been recognized that the use of molecular-marker approaches, particularly marker-assisted breeding, may accelerate the pace of achieving the targeted goals in any cropbreeding program. This would be particularly true for quality traits, including fi ber fi neness and lignin content in jute, because these complex quantitative traits are diffi cult to score. Molecular markers and quantitative trait loci (QTL) mapping can help in a study of genetic architecture, leading to improvement of these traits through marker-assisted selection (MAS). The random amplifi ed polymorphic DNA (RAPD), chloroplast-simple sequence repeat (SSR), nuclear sequence-tagged microsatellite site (STMS)-SSR, and amplifi ed fragment length polymorphism (AFLP) markers have already been used to assess genetic diversity within the available jute germplasm (Qi et al., 2003a,b; Hossain et al., 2002 Hossain et al., , 2003 Basu et al., 2004; Roy et al., 2006) . The SSRs have become the markers of choice because of several desirable features, including their abundance, multiallelic and codominant nature, high level of reproducibility, and cross-species transferability (for reviews, see Gupta et al., 1996; Gupta and Varshney, 2000) . However, no concerted eff ort to develop SSRs (or markers of any other type) on a large scale has ever been undertaken in jute. Such an eff ort is necessary for developing molecular maps to be used for QTL interval mapping.
We previously developed 45 genomic SSRs and used them for genetic diversity analyses in the two cultivated species of jute . This study was extended further to large-scale isolation and characterization of SSRs, leading to the development of 2469 SSR markers for use in the construction of framework linkage maps and QTL interval mapping. This marks the beginning of our long-term plan for identifi cation of marker-trait associations leading to MAS for rapid and precise breeding of superior jute cultivars.
MATERIALS AND METHODS

Plant Material
During the present study, four inbred lines of jute were used. These included two genotypes of C. olitorius ( JRO 524 and PPO4) and two genotypes of C. capsularis ( JRC 321 and CMU 010). These four inbreds included three cultivars and one mutant (CMU 010), which are the parents of the two mapping populations (under development), one each for fi ber fi neness and lignin content-the two important fi ber-quality traits. The seed material of these four genotypes was procured from Central Research Institute for Jute and Allied Fibers (CRIJAF), Barrackpore, India. Certain characteristics of these four genotypes are presented in Table 1 .
DNA Isolation
Seeds of each of the four genotypes were germinated in the laboratory. DNA was extracted from 10-d-old seedlings following modifi ed CTAB method (Saghai-Maroof et al., 1984) . The DNA was purifi ed by RNaseA treatment, followed by phenol:chloroform extraction. The purifi ed DNA was quantifi ed with a UV-spectrophotometer (model UV5704SS, Electronic Corporation of India Limited, Hyderabad, India). ) were selected for the construction of four independent SSR-enriched genomic libraries. This selection was based on the information that these SSRs are most abundant in plant genomes (Gupta and Varshney, 2000) , particularly in jute . The enrichment for SSRs was done separately for each of the four SSRs, using genomic DNA of C. olitorius cv. JRO 524. The work for constructing four SSR-enriched genomic libraries was outsourced to Genetic Identifi cation Service (GIS; Chatsworth, CA). The protocol used by GIS is as follows: the genomic DNA was partially digested with a mixture of seven blunt-end restriction endonucleases (RsaI, HaeIII, BsrB1, PvuII, StuI, ScaI, and EcoRV) . Size-separated DNA fragments, ranging from 300 to 750 bp, were ligated with adapters and separately enriched for each specifi c SSR motif using biotinylated capture molecules (CPG, Lincoln Park, NJ). The captured fragments were amplifi ed and digested with HindIII to remove the adaptors, and the fragments were cloned in pUC19 vector. GIS supplied ligation mixtures of all four libraries obtained using this protocol. Using each of the above four ligation mixtures separately, transformation of Escherichia coli strain DH10B (Invitrogen) was done by electroporation using MicroPulser (BIO-RAD, Gladesville, New South Wales, Australia). The recombinant clones were used for plasmid isolation and sequencing of cloned inserts.
Construction of Simple
repeats and other higher-order SSR repeats. This suggested that the SSR-enrichment process was more successful with dinucleotide repeats than with trinucleotide repeats.
Characteristics of Simple Sequence Repeat-Containing Clones and the Identifi cation of Simple Sequence Repeats
The above 1338 (67.26%) SSR-containing sequences carried 2469 SSRs. This high proportion of SSRs is desirable for the discovery of SSRs and development of SSR markers. Traditional colony hybridization-based approaches of SSR-enrichment of the genomic libraries were found to give very low frequencies of SSRs (see Mir et al., 2008) . A majority (~59%) of the SSR-containing sequences had a solitary SSR, whereas two or more than two SSRs were available in the remaining ~41% of sequences (Table 2) . On the basis of the sequences sampled during the present
Plasmid Isolation, Sequence Data Assembly, and Designing of Primers for Simple Sequence Repeats
Plasmid DNA of 4224 recombinant clones (1056 clones from each of the four libraries) was isolated using QIAprep Spin Miniprep kit (QIAGEN GmbH; Hidden, Germany) on a TECAN robotic platform. The cloned inserts were sequenced using ABI 3700 automated DNA analyzer at the University of Delhi South Campus, New Delhi. The sequences were processed through base calling and quality control using PHRED (Ewing et al., 1998) and trimming (for low-quality and vector sequences) by Cross Match (http://www.phrap.org/phrap_ documentation.html, verifi ed 24 June 2009). In this manner, 3885 good-quality clone sequences (Phred score >20) became available; these were assembled using PHRAP into 767 contigs (2663 clone sequences) and 1222 singletons. Contigs as well as singletons were used for mining ≥12 nucleotide-long SSRs. Primers were designed for 923 Class I and 725 Class II SSRs using Web-based SSRPrimer software ( Jewell et al., 2006) .
Identifi cation of Polymorphic Simple Sequence Repeats
A set of 100 SSRs (25 SSRs from each of the four enriched libraries) was screened for polymorphism on each of the two pairs of parental genotypes of two mapping populations (under preparation), one each for fi ber fi neness (C. olitorius) and lignin content (C. capsularis). These mapping populations are being developed from the crosses JRO 524 × PPO4 (for fi ber fi neness) and JRC 321 × CMU 010 (for lignin content) for preparation of molecular maps and subsequent QTL interval mapping. No variation within a genotype was detected when more than one plant from the same genotype was used for the same assay.
RESULTS AND DISCUSSION
Simple Sequence Repeat-Enriched Genomic DNA Libraries
The results of sequencing and SSR enrichment among 3885 clones belonging to four SSRenriched libraries are presented in Table 2 . As mentioned earlier, these 3885 sequences were assembled into 1989 sequences (767 contigs and 1222 singletons), which were used for SSRmining. As many as 1338 sequences (67.26%) contained SSRs, a majority (531 or 39.73%) containing two dinucleotide SSRs, namely, (AC/TG) n (267; ~20%) and (AG/TC) n (264; 19.73%). . The observed higher density of SSRs during the present study may be biased upward as a result of the study of genomic sequences sampled through the process of SSR enrichment. Further, a separate analysis of the jute sequences containing multiple SSRs showed a mean density of 1 SSR/0.23 kb, suggesting that ~41% of the SSRs are organized more closely in the form of clusters forming islands of SSRs in the jute genome, whereas the remaining ~59% of individual SSRs with a much lower density (1 SSR/0.56 kb) are separated by larger inter-SSR sequences in the jute genome.
A further examination of the SSR-containing sequences suggested that they contained all four types of SSRs used for the preparation of SSR (Table 3) . This occurrence of additional repeat motifs might have resulted because of chance and might indicate their abundance in the jute genome. Of 2469 SSRs detected, 1078 were Class I and the remaining 1391 were Class II SSRs ( Table 2 ). The proportion of Class I SSRs was higher in the libraries enriched with dinucleotide repeats, whereas Class II SSR had a higher proportion in libraries enriched for trinucleotide repeats. This suggested that length of the repeat motif of the SSRs is inversely proportional to the total length of SSRs (Fig. 1) . This also means that short microsatellites are more frequent than the long SSRs, which agrees with earlier reports in other plant species (Morgante et al., 2002; Grover et al., 2007 ).
An analysis of repeat motifs in SSRs shows that nearly half (51%) of the total SSRs discovered during the present study included trinucleotide repeats, followed by di-(39%), tetra-(6%), and pentanucleotide (4%) and other higher order repeats (Table 3) . This is in agreement with the fi ndings of our earlier study in jute as well as studies involving other plant species (Morgante et al., 2002; Mir et al., 2008) .
Simple Sequence Repeat Polymorphism
Primers were designed for 1648 SSRs (923 Class I and 725 Class II SSRs) derived from the four SSR-enriched libraries. A random subset of primer pairs for 100 SSRs (25 SSRs × 4 SSR-enriched libraries) was used for detecting polymorphism between and within two pairs (four genotypes) of parental genotypes of the two mapping populations (under preparation), one belonging to C. olitorius and the other belonging to C. capsularis (Table 4) . Ninety-eight of the 100 SSRs were found to be polymorphic. Polymorphism due only to length variation was observed in 52 SSRs, due only to null alleles, in 15 SSRs, and due to both length variation and null alleles, in 31 SSRs (Fig. 2) . Polymerase chain reaction (PCR) amplifications were repeated to exclude the possibility of failure of PCR reactions as the cause of recorded null alleles. As many as 59 SSRs exhibited polymorphism both at interspecifi c and intraspecifi c levels. The remaining 39 SSRs exhibited polymorphism either at the interspecifi c level (23 SSRs) only or at the intraspecifi c level only (9 SSRs in C. olitorius; 7 SSRs in C. capsularis). Although the percentage of polymorphic SSRs involving both the species was 98% during the present study, at the interspecifi c level, only 50% of SSRs were polymorphic in C. olitorius and 45% in C. capsularis. The proportion of SSRs detecting length polymorphism (84.7%) was a little less than double that exhibiting ± polymorphism (46.9%). The high level of polymorphism among as few as four genotypes during the present study is a bit surprising, but is partly because of the use of four genotypes belonging to two diff erent species. In three earlier studies, including our own, SSR polymorphism in jute was found to range from 91.11 to 100%, although the number of genotypes in these earlier studies was higher, ranging from 10 to 81 (Roy et al., 2006; Mir et al., 2008; Akter et al., 2008) . This suggested that jute is unique in exhibiting a higher level of SSR polymorphism, particularly when examined at both intraspecifi c and interspecifi c levels. In other materials, a fairly wide range of polymorphism has been reported (e.g., Cicer arietinum [33%; Sethy et al., 2006] , other Cicer species [79%; Burstin et al., 2001] Stachel et al., 2000] ). The results of the present study also confi rmed high transferability of the C. olitorius SSRs to C. capsularis, suggesting their possible crossspecies use and also their use in comparative genomic analysis. The mean number of alleles per SSR locus involving both species was 2.56 (range 1 to 4); in C. capsularis it was 1.45 (range 1 to 2), which was slightly lower than a mean number of 1.50 alleles per locus (range 1 to 2) in C. olitorius. A relatively higher mean number of alleles in C. olitorius suggested a higher level of genetic diversity among C. olitorius genotypes than in C. capsularis genotypes, which agrees with the results of our earlier studies involving SSR and AFLP analyses in jute Das et al., 2008) .
CONCLUSIONS
The large-scale development of SSRs achieved during the present study should prove useful for detecting DNA polymorphism and construction of molecular genetic maps in jute. These maps will be used for QTL interval mapping and a variety of other studies, including map-based cloning of genes. This will facilitate application of MAS, leading to precise breeding in jute in a cost-eff ective and time-saving manner. 
